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doi:10.1016/j.kjms.2012.04.024Abstract Adjacent segment degeneration typically follows anterior cervical spine fusion.
However, the primary cause of adjacent segment degeneration remains unknown. Therefore,
in order to identify the loading effects that cause adjacent segment degeneration, this study
examined the loading effects to superior segments adjacent to fused bone following anterior
cervical spine fusion. The C3eC6 cervical spine segments of 12 sheep were examined. Speci-
mens were divided into the following groups: intact spine (group 1); and C5eC6 segments that
were fused via cage-instrumented plate fixation (group 2). Specimens were cycled between
20 flexion and 15 extension with a displacement control of 1/second. The tested parameters
included the range of motion (ROM) of each segment, torque and strain on both the body and
inferior articular process at the superior segments (C3eC4) adjacent to the fused bone, and
the position of the neutral axis of stress at under 20 flexion and 15 extension. Under flexion
and Group 2, torque, ROM, and strain on both the bodies and facets of superior segments adja-
cent to the fused bone were higher than those of Group 1. Under extension and Group 2, ROM
for the fused segment was less than that of Group 1; torque, ROM, and stress on both the
bodies and facets of superior segments adjacent to the fused bone were higher than those
of Group 1. These analytical results indicate that the muscles and ligaments require greater
force to achieve cervical motion than the intact spine following anterior cervical spine fusion.
In addition, ROM and stress on the bodies and facets of the joint segments adjacent to the
fused bone were significantly increased. Under flexion, the neutral axis of the stress on the
adjacent segment moved backward, and the stress on the bodies of the segments adjacent
to the fused bone increased. These comparative results indicate that increased stress on
the adjacent segments is caused by stress-shielding effects. Furthermore, increased stressof Bio-industrial Mechatronics Engineering, National Chung Hsing University, 250 Kuo Kuang Road,
nchu.edu.tw (C.-W. Cheng).
vier Taiwan LLC. All rights reserved.
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adjacent segment.
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Clinical studies have demonstrated that anterior cervical
spine fusion accelerates degeneration of the adjacent
segments [1e6]. Adjacent segment degeneration involves
cervical phenomena in adjacent segments, including disc
prolapse, osteophyte formation at the anterior and posterior
vertebral borders, hypertrophy of the facet joints, and
a decrease in disc height [7]. The specific pathogenic
mechanisms that result in adjacent segment degeneration
following anterior cervical spine fusion remain unclear. Some
researchers have asserted that degeneration of the adjacent
segments is associated with natural aging processes [8,9].
Therefore, most researchers believe that biomechanical
effects to adjacent segments following bone fusion may
accelerate degeneration of those segments [10e18]. These
biomechanical studies reveal that disease in segments that
are adjacent to fused bone are related to increased stress
and rangeofmotion (ROM) [11e15]. The combinationof long-
term concentrated stress may be responsible for the accel-
erated degeneration of these adjacent segments.
Three biomechanical methods can be utilized to investi-
gate the degeneration of an adjacent segment following
anterior bone fusion. First, ROM is typically applied to assess
stress effects to adjacent segments [11,12]. Elsawaf et al.
found that adjacent segment degeneration is strongly
correlated with increased ROM [12]. These researchers
asserted that increased ROM is indicative of increased stress;
however, stress and stress direction (i.e., tensile/compres-
sive force) cannot bemeasured. Second, pressure transducer
needles are typically utilized to assess intradiscal pressure
[13e15]. However, this method is destructive and cannot
determine the effects of bony stress on vertebrae. Third, the
finite element method has been applied to analyze vertebral
stress [16e18]. Utilizing the finite element model to analyze
the C4eC6 segments, Maiman et al. demonstrated that
increasing the stiffness of interbody graft materials is
strongly associated with increased internal stress on adja-
cent discs, thereby accelerating segmental degeneration
[18]. Additionally, themodel andparameter settings strongly
affected the model’s results; that is, some of the data ob-
tained using the mathematical model were different from
the actual stress effects measured on the vertebrae.
We hypothesize that the redistribution of stress and
compensatory increase in the ROM of the segment adjacent
to fused bone are associated with degeneration of the
adjacent segments. This study overcomes the limitations of
stress measurement that used the previously described
biomechanical methods and instead uses a strain gauge,
a nondestructive measurement tool, to identify the effects
of stress of real vertebrae. ROM was utilized to confirm the
effects of stress on adjacent segments. Furthermore, this
study utilized stress on both the body and the facet of the
joint to construct a mathematical model to identify theposition of the neutral axis of stress (tensile force and
compressive force are equal and the strain is 0). The offset
distance of the neutral axis can be used to determine the
stress distribution and the distributions of tensile and
compressive forces in the vertebrae. The analytical results
are closer to real vertebral stress than those obtained using
the finite element approach.
To the best of our knowledge, no study has examined the
transfer of loading and the distribution of tensile and
compressive forces after anterior cervical spine fusion. The
goals of this study were to identify the biomechanical cause
of the degeneration of the segment adjacent to fused bone,
to elucidate the effects of loading on adjacent segments
using the offset value of the neutral axis of stress following
anterior cervical spine fusion, and to confirm the effects of
stress-shielding on adjacent segments following bone fusion
by applying ROM and stress to both the body and facet of
the joint segment.
Materials and methods
Specimens
Twelve C3eC6 spinal motion segments were obtained from
12 sheep cervical spines and were utilized in this in vitro
investigation. At the time of butchering, the animals were
12e18 months old and weighed 60 kg on average (range:
53e65 kg). Following preparation, the specimens were
frozen at -30 C, then thawed at room temperature for 24
hours before analysis. Care was taken to preserve the bony
and ligamentous structures of the locomotor segments of
each specimen; only muscular and fatty tissue were
removed. The cranial and caudal vertebrae of each
functional spinal unit were anchored to a spinal tester using
stainless-steel screws and embedded using custom-
designed metal fixtures and polyester resin.
Instruments
A multidirectional spinal tester was applied to administer
flexion-extension motion to each specimen (Fig. 1). A reli-
ability test was conducted as previously described in liter-
ature [19,20]. A four-camera motion-capturing system
(Vicon 370; Oxford Metrics, Oxford, UK) was used in
conjunction with the spinal tester to identify spinal motion.
A strain acquisition system (PCD-300A; Kyowa Dengyo Co.,
Tokyo, Japan) was used to simultaneously assess micro-
motion at the surface of the spinal vertebrae.
Testing procedures
All of the cervical specimens were placed into one of two
groups (Fig. 2): (1) intact cervical spine group (group 1;
Figure 1. The multi-degree spinal tester and motion-capturing system.
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instrumented plate fixation (Caspar plate) (group 2;
nZ 12). Group 1, which consisted of intact cervical spines,
was the control group. This facilitated the identification of
loading effects following bone fusion. Group 2, which
received cage-instrumented plate fixation, simulated bone
fusion. The C3eC6 segments were mounted on a spinal
tester in the neutral position. The top polyester plate of the
C3 segment was mounted onto the spinal tester’s top
aluminum plate. The bottom polyester plate of the C6
segment was centered over the spinal tester’s load cell
[19]. Four strain gauges (FLA-1-120-11-1L; Tokyo Sokki
Kenkyujo Co., Tokyo, Japan) were attached to the surface
of the C3eC6 cervical spine (Fig. 3). Strain to the C3 and C4
anterior bodies and inferior articular process at the C3 andFigure 2. The different conditions; (A) Group 1: intact
cervical spine; (B) Group 2: cageinstrumented plate fixation
(Caspar plate) in C5eC6.C4 segments reflected the forces that acted on the body
and facet joint. Twelve markers were attached to the
C3eC6 segments (Fig. 4). Three markers were attached to
each motion segment in order to locate the moving
segment. Markers of the C3 segment were attached to the
right and left sides and posterior to the top polyester plate,
and markers of the C4eC6 segments were attached to the
left and right sides of the cervical anterior transverse
processes and posterior spinous processes.
The sampling rates of the spinal tester, motion-capturing
system, and strain acquisition system were 40, 60, and
100 Hz, respectively. First, the spinal tester applied
a compressive preload of 30 N to the segments in group 1;
the spinal tester, strain acquisition system, and motion-
capturing systemwere then simultaneously activated. Group
1 specimens underwent two cycles of 20 flexion and 15
extension at 1/second, and the strain, torque, and locations
of the markers on each segment were measured during
motion. The surgical procedures for the group 2 specimens
were as follows. First, discectomy of C5eC6 and resection of
the anterior longitudinal ligament were performed. The
endplatewas shavedusing a high-speeddiamondburr. A cage
(11  10  5 mm custom-made titanium cage) was then
inserted and the anterior plate was used to fix the C5eC6
segment. After surgery, the outcomes of each conditionwere
assessed.
Data analysis
Data from the second of the two cycles of 20 flexion and
15 extension were analyzed. Noise was reduced by passing
the data through a digital second-order Butterworth low-
pass filter with a cutoff frequency of 5 Hz. The torque
parameter in this study was determined as the torque of
the cervical motion under 20 flexion and 15 extension.
Figure 3. The positions of strain gauge for C3eC6 spines.
SA3eSA4: anterior border of body at C3 and C4 segments, and
SF3eSF4: facet (inferior articular process) at C3 and C4
segments.
=
Figure 5. The stress distribution of C3 segment in flexion. NA
is the distance from the anterior border of body to the neutral
axis.
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nate were transformed using the Eular angle for ROM under
flexion and extension for the C3eC4, C4eC5, and C5eC6
segments. The strain parameters were determined as the
strain on the anterior body and facet joint during cervical
motion under 20 flexion and 15 extension. The position of
the neutral axis of stress was calculated using the ratio of
body strain, ε1, to facet strain, ε2; this was applied to
identify the zero-strain position (Fig. 5). The unit of this
position is identified as %d, where d is the distance from the
anterior border of a body to its facet.
The paired sample t test was applied to compare the
parameters of the group 1 and group 2 specimens. Param-
eter differences were normalized by dividing the group 2
values by the group 1 values. Values are presented as the
averages  standard deviations. A value of p < 0.05 was
considered statistically significant; power analysis was used
to confirm the accuracies of the obtained p values.
A power > 0.8 was considered statistically significant.
Statistical evaluations were performed using SPSS for
Windows (version 13.0; SPSS, Inc., Chicago, IL, USA).Figure 4. The position of markers on C3-C6 cervicaResults
Torque
The torque under 20 flexion measured in group 2 (average,
1.00  0.49 N-m) was significantly higher than that
measured in group 1 (average: 0.49  0.23 N-m; Table 1 and
Fig. 6). The torque under 15 extension measured in group 2
(average: 2.31  1.10 N-m) was significantly higher than
that measured in group 1 (average: 1.73  1.01 N-m).Range of motion
The ROM of the C5eC6 segment under 20 flexion measured
in group 2 (average: 0.8  0.4) was significantly less than
that measured in group 1 (average: 7.5  2.2), and the
ROM of the C4eC5 and C3eC4 segments under 20 flexion
measured in group 2 (average: 11.3  3.3 and 7.6  3.2,l spine; (A) Right lateral view; (B) Anterior view.
Table 1 Comparison of torque and ROM between group 1
and group 2.
Group 1 Group 2
Torque (N-m)
Flexion 0.49  0.23 1.00  0.49a
Extension 1.73  1.01 2.31  1.10a
Torque difference in comparison with group 1 (%)
Flexion N.A. 108.7  50.3
Extension N.A. 47.5  41.7
ROM (deg)
Flexion
C3eC4 5.6  2.8 7.6  3.2a
C4eC5 6.7  2.6 11.3  3.3a
C5eC6 7.5  2.2 0.8  0.4a
Extension
C3eC4 5.8  1.4 8.1  1.1a
C4eC5 3.4  1.1 6.0  1.2a
C5eC6 5.9  1.5 0.8  0.4a
ROM difference in comparison with group 1 (%)
Flexion
C3eC4 N.A. 44.4  24.8
C4eC5 N.A. 80.2  47.8
C5eC6 N.A. 88.8  4.0
Extension
C3eC4 N.A 42.3  24.1
C4eC5 N.A 95.2  66.4
C5eC6 N.A 86.2  6.0
ROM: range of motion; group 1: intact cervical spine; group 2:
cage-instrumented plate fixation at C5eC6; N.A., not appli-
cable.
The data are presented as the means  standard deviation.
ap < 0.05 (paired sample t test) and power > 0.8 (power
analysis) in comparison with group 1.
Figure 7. The comparison of ROM between Group 1 and
Group 2. * p < 0.05 (paired-sample t-test) and power > 0.8
(power analysis) compared with Group 1.
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in group 1 (average: 6.7  2.6 and 5.6  2.8, respectively;
Table 1 and Fig. 7). The ROM of the C5eC6 segment under
15 extension measured in group 2 (average: 0.8  0.4)
was significantly less than that measured in group 1
(average: 5.9  1.5), while the ROM of the C4eC5 andFigure 6. The comparison of torque between Group 1 and
Group 2. * p < 0.05 (paired-sample t-test) and power > 0.8
(power analysis) compared with Group 1.C3eC4 segments under 15 extension measured in group 2
(average: 6.0  1.2 and 8.1  1.1, respectively) were
significantly higher than those measured in group 1
(average: 3.4  1.1 and 5.8  1.4).
Strain
Under flexion, the body was under tensile strain and the
facet was under compressive strain. Under extension, the
body was under compressive strain, and the facet was
under tensile strain.
Under flexion, the strains on the bodies of the C3eC4
segments under 20 flexion measured in group 2 (average:
136.0  49.3 mm/m and 132.7  62.1 mm/m, respectively)
were significantly higher than those measured in group 1
(average: 92.3  41.6 mm/m and 89.1  41.9 mm/m,
respectively), and the strain on the facet of the C4 segment
under 20 flexion measured in group 2 (average:
46.3  17.4 mm/m) was significantly higher than that
measured in group 1 (average: 37.7  19.0 mm/m; Table 2
and Fig. 8). Under extension, the strains on the bodies
and facets at the C3eC4 segments under 15 extension
measured in group 2 (average: 216.6  129.1,
284.7  150.7, 389.6  225.4, and 305.7  105.0 mm/m,
respectively) were significantly higher than those measured
Table 2 Comparisons of strain on the body and facet on
the C3eC4 segments between group 1 and group 2.
Group 1 Group 2
Strain (mm/m)
Flexion
Body of C3 (SA3) 92.3  41.6 136.0  49.3a
Body of C4 (SA4) 89.1  41.9 132.7  62.1a
Facet of C3 (SF3) 42.3  21.2 52. 9  30.8
Facet of C4 (SF4) 37.7  19.0 46.3  17.4a
Extension
Body of C3 (SA3) 165.7  104.3 216.6  129.1a
Body of C4 (SA4) 209.9  101.7 284.7  150.7a
Facet of C3 (SF3) 313.6  182.5 389.6  225.4a
Facet of C4 (SF4) 225.9  90.5 305.7  105.0a
Strain difference in comparison with group 1 (%)
Flexion
Body of C3 (SA3) N.A. 55.1  36.5
Body of C4 (SA4) N.A. 57.4  49.6
Facet of C3 (SF3) N.A. 21.9  21.9
Facet of C4 (SF4) N.A. 30.6  28.9
Extension
Body of C3 (SA3) N.A. 39.6  33.0
Body of C4 (SA4) N.A. 36.8  34.6
Facet of C3 (SF3) N.A. 27.5  27.9
Facet of C4 (SF4) N.A. 41.2  30.4
Group 1: intact cervical spine; group 2: cage-instrumented
plate fixation at C5eC6; N.A., not applicable. The data are
presented as the means  standard deviations.
ap < 0.05 (paired sample t test) and power > 0.8 (power
analysis) in comparison with group 1.
Figure 8. The comparison of strain of both the body and
the facet on the C3 and C4 segments between Group 1 and
Group 2. * p < 0.05 (paired-sample t-test) and power > 0.8
(power analysis) compared with Group 1.
Table 3 Comparisons of the position offsets of the neutral
axis of stress between group 1 and group 2.
Group 1 Group 2
Position (%d )
Flexion
The position of C3 69.3  8.5 73.2  10.5a
The position of C4 68.9  12.6 72.1  10.9a
Extension
The position of C3 37.4  20.7 39.2  21.5
The position of C4 47.0  16.5 46.2  17.1
The position offset in comparison with group 1 (%d )
Flexion
The position of C3 N.A. 3.9  5.9
The position of C4 N.A. 3.1  7.4
Extension
The position of C3 N.A. 1.8  3.3
The position of C4 N.A. 0.8  3.7
Group 1: intact cervical spine; group 2: cage-instrumented
plate fixation at C5eC6.
The data are presented as means  standard deviations; N.A.,
not applicable.
ap < 0.05 (paired sample t test) and power > 0.8 (power
analysis) in comparison with group 1.
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313.6  182.5, and 225.9  90.5 mm/m, respectively).
Position of the neutral axis of stress
Under flexion, the position offsets of the neutral axes of the
C3eC4 segments under 20 flexion measured in group 2
(average, 73.2  10.5 and 72.1  10.9 %d ) were signifi-
cantly higher than those measured in group 1 (average:
69.3  8.5 and 68.9  12.6 %d; Table 3 and Fig. 9). Under
extension, the position offsets of the neutral axes of the
C3eC4 segments under 15 extension measured in group 2
(average: 39.2  21.5 and 46.2  17.1 %d ) did not signifi-
cantly differ from those measured in group 1 (average:
37.4  20.7 and 47.0  16.5 %d ).
Discussion
Human cadaveric specimens are difficult to acquire for
in vitro studies. Therefore, animals are commonly used as
in vitro models of the human spine. ROM tests on calve,
sheep, pig and kangaroo spines have confirmed that the
sheep ROM is the most similar to that of humans. Addi-
tionally, the C2eC3 and C3eC4 segments are suitable for
biomechanical tests [21]. The sheep cervical spine is
considered a good model of the human cervical spine,mainly because of its comparable cervical lordosis.
Furthermore, during lumbar or cervical spine fusion,
biomechanical effects occur at the adjacent segments.
The inclination of the lumbar facet-joint plane differs from
Figure 9. The comparison of position offset of the neutral axis of stress between Group 1 and Group 2. * p < 0.05 (paired-sample
t-test) and power > 0.8 (power analysis) compared with Group 1.
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spine are more complicated than those of the cervical spine
and, therefore, require higher loading [22]. Thus, this study
utilized sheep cervical spines to examine the stress effects
on the adjacent segments following anterior cervical spine
fusion. This study can be used as the foundation for further
studies on the stress effects to adjacent segments following
lumbar fusion.
Anterior cervical spine fusion results in a stable cervical
spine, even though adjacent segments may subsequently
exhibit adjacent disc degeneration over long periods of time
[23e25]. The cause of degenerative pathogenesis in the
adjacent segment following anterior cervical spine fusion
remains unclear. However, a biomechanical study demon-
strated that the biomechanical effects on the adjacent
segments following bone fusion are the main cause of
degeneration [10e18]. In this study, the specimens in group 2
demonstrated increased body strain and ROM of the
segments adjacent to the fused bone under flexion. Harrison
et al. applied a mathematical model to demonstrate that
compressive forces are exerted to the anterior section of the
body, and that tensile forces are exerted on the rear section
while the C5eT1 segment is under axial loading with an
exerted bending force [26]. The inferior section of the body
was found to be subjected to the greatest stress. These
analytical results demonstrate that the cervical spine is
under the largest body stress, which was identical to that
measured in clinical cases under flexion. In this study, the
spines in group 2 demonstrated increased facet strain and
ROM at the segment adjacent to fused bone and increased
torqueon theC3eC6 segments. In particular, facet strain and
the ROM of the C3eC4 segments in the superior bone fusion
section were significantly increased under extension when
compared to those measured in group 1; this is attributed to
the redistribution of the ROM of the cervical segments
following fusion. This redistribution resulted in hypermo-
bility, and the surface area of the superior articular process
contacting the surface of the inferior articular process
decreased, increasing the facet joint stress. Rigid internal
fixation of the spine increased torque during motion.
The analytical results obtained in this study indicate
that the ROM of the adjacent segments increases following
bone fusion, which verifies the ROM effects that have been
described in previous biomechanical studies [11,12]. Stress
also increased, and this was identical to the stress effects
that were simulated by the mathematical model that was
established using the finite element method [16e18]. In
related studies conducted using pressure transducer nee-
dles to measure the intradiscal pressure, the anteriorborder of the pressure transducer needles near the body
demonstrated high pressure under flexion, which con-
formed to the rapidly increasing trend of body stress found
in this study [13e15]. Hence, this study demonstrates that
both the ROM and the stress on adjacent segments
increases following bone fusion, which is identical to the
biomechanical effects that were observed when studying
the degeneration of the adjacent segments following bone
fusion [11e18].
Spine biomechanics often considers the spine as a single
bending beam [27]. The stress distribution of vertebra
includes both compressive and tensile forces under bending
torque; meanwhile, the neutral axis separates the section
under compressive force from that under tensile force. The
conditions necessary for the establishment of the neutral
axis are that the tensile force equals the compressive force
and that the strain is 0 [28,29]. In this investigation, the
neutral axis was identified by taking the position of the
cervical cross-section as the abscissa and the strain value as
the ordinate; the position of the neutral axis of stress was
calculated from the ratio of the body strain, ε1, to the facet
strain, ε2 (Fig. 5). Thus, the highest stress was at the point
on the cervical cross-section farthest from the neutral axis.
Following anterior cervical spine fusion, the offset value of
the neutral axis of the intact spine determines the stress
distribution in the vertebrae and how this stress is redis-
tributed [30]. Hence, in this study, strain on the body and
strain on the facet joint were used to determine the offset
percentage of the neutral axis of stress and to compare the
stress distribution at the superior segments adjacent to the
fused bone at the C5eC6 fused segments in group 2. For
group 2, the neutral axes of the stress of the superior
segments adjacent to the fused bone moved backward
under flexion, indicating that the load on the superior
segments adjacent to the fused bone was transferred
backward and that the difference between body stress and
that of the facet joint increased. Hence, the structures
with the poorest functioning also experienced the highest
loading and its resistance was reduced. The frequency of
flexion motion during cervical motion in daily life exceeds
that of extension [31]. Most of the degeneration of the
adjacent segments occurs in the anterior area of the
cervical spines. As the neutral axis of stress moved back-
ward, the anterior area of the spine was subjected to the
highest compressive force. The stress distribution demon-
strates that most of the degeneration of the adjacent
segments occurred in the anterior area of cervical spine.
The position of the neutral axis of stress in the group 2
specimens reveals an increase in the distance from the
Loading effects of cervical spine fusion 593anterior border of the vertebral body to the neutral axis,
indicating that the bending moment was highest at the
anterior border of the vertebral body. The anterior border
of the body may induce the following symptoms under long-
term flexion: narrowing of the disc space and the formation
of anterior osteophytes [7,9]. The effects to the position of
the neutral axis was insignificant under extension, most
likely because the posterior column of the cervical spine
was under its highest load during extension, and the effect
of the anterior plate on posterior stress was minimal
following anterior cervical spine fusion. The stress on the
anterior column increased under flexion due to anterior
plate fixation, resulting in stress-shielding, and the load on
the fused segments was transferred through the anterior
plate under loading [32,33]. Hence, the segments adjacent
to the fused bone were under the highest stress due to the
reactive forces at the anterior border of the body.
There are several limitations to this study that must be
noted. First, this study was an in vitro animal experiment;
that is, the fused bones are not accurate simulations of bio-
logical healing in humans. Therefore, cage-instrumented
plate fixation (group 2) at the fusion segments did not
generate the effects of actual bone fusions. Second, the
method of applying loads does not truly represent physio-
logical loads because shear forces were neglected. Further-
more, no muscle forces were applied, even though muscles
stabilize the cervical spine. Third, some anatomical differ-
ences exist between animals and humans; therefore, the
load-deformation characteristics in this animal experiment
may differ from those that would be observed in humans.
Fourth, normal sheep cervical spines were used because it
was impossible to obtain sheep with cervical spine
degeneration.
Conclusions
This investigation demonstrates that cervical motion
requires greater torque following anterior cervical spine
fusion, indicating that the muscles and ligaments must
exert more force to generate the same cervical motion
compared with an intact cervical spine. Additionally, the
ROM and stress on the body and facet joint of segments
adjacent to fused bone are markedly increased. Under
flexion, the neutral axis of the stress on the adjacent
segment moved backward, and stress on the body of
segments adjacent to the fused bone increased. From
a biomechanical perspective, increased stress on adjacent
segments is caused by stress-shielding effects. Further-
more, increased stress and ROM of the adjacent segment
after long-term bone fusion may accelerate the degenera-
tion of this segment. Therefore, degenerative pathogenesis
at the adjacent segments following anterior cervical spine
fusion has various causes, and continued research is war-
ranted to fully elucidate these causes.
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